is too fast to be measured by the methods used. The second step, which involves the acylation of the enzyme and the concomitant liberation of pnitrophenol, is characterized by the rate constant k2= 3-15 sec.-'. The third step involves the liberation of acetate and reactivation of the enzyme; the rate of this reaction is defined by kI3 = 0-0254 sec.-'.
Biochemical Changes Occurring during Sporulation in Bacillus Species
BY JOAN F. POWELL AND R. E. STRANGE Microbiological Re8earch Department (Mini8try of Supply), Porton, Wiltshire (Received 19 December 1955) We have shown that spore germination in Bacillu8 species is accompanied by the excretion of calcium dipicolinate (Powell & Strange, 1953; Powell, 1953) and a non-dialysable peptide containing me-diaminopimelic acid (DAP), glutamic acid, alanine, and the acetyl derivatives of glucosamine and an unidentified amino sugar (Strange & Powell, 1954) . This peptide is probably derived from the spore coat (Strange & Dark, 1956) . We have now studied the synthesis of dipicolinic acid and the accumulation of calcium by sporulating cells of Bacillus cereus and B. 8ubtili8. It seems possible that dipicolinic acid is derived from DAP by deamination followed by ring closure and dehydrogenation, especially since conversion of lysine into pipecolic acid has been demonstrated (Rothstein & Miller, 1953; Lowy, 1953) . Evidence supporting this possibility has recently been supplied by Perry & Foster (1955) . These authors isolated [14C]dipicolinic acid from spores produced 'endogenously' in a medium containing totally labelled [14C]DAP and found that it was significantly more radioactive than any of the twelve amino acids also isolated. We have been unable to demonstrate deamination or oxidation of DAP by sporulating cells of B. cereuw or any significant change in the amount ofDAP present in the cell during sporulation. We found, however, that during sporulation an apparent change in distribution of DAP and of hexosamnine between the soluble and insoluble fractions of the cell occurred. This change, and its connexion with the excretion of the spore peptide during germination, will be discussed.
METHODS
For observations on the accumulation of dipicolinic acid and calcium during sporulation, the laboratory strain of B. cereus was grown in a potato-extract medium (Robinow, 1951) enriched with 1/10 vol. of a solution containing acid and trypsin-hydrolysed casein, yeast extract, glycerophosphate and glutamine (CCY) (Gladstone & Fildes, 1940) . Cultures were grown in 11. flasks containing 200 ml. of medium inoculated with 105 spores/ml. and shaken during incubation. Cells were harvested at various stages ofgrowth and sporulation, washed once with 0-9 % (w/v) NaCl, then suspended in water and freeze-dried. Suspensions containing 2 mg. dry wt. of cells/ml. were disintegrated in water for 45-60 min. at 4°in the Mickle (1948) tissue disintegrator with Ballotini beads, size 12. The clear cell extract obtained by centrifuging at 6000g, was deproteinized with 2-5% (w/v) HC104, then neutralized and buffered with 50 mm sodium potassium phosphate, pH 7-3. At this stage the volume of extract was adjusted so that 1 ml. contained the soluble fraction from 1 mg. of cells. The ultraviolet absorptionspectrum of the extract was then measured in the range 255-280 mIA. at 25 mp. intervals. The calcium content of 20-30 mg. of dried cells was determined by ashing at 5500 for 12 hr., dissolving the ash in dilute HCI, and precipitating calcium as oxalate which was then titrated with KMnO4 (Kramer & Tisdall, 1921) . The iron content of the ash was determined by the aoc'-dipyridyl method (Thorp, 1941) . A similar series of analyses were made on -sporulating cultures of a laboratory strain of B. subtilis and B. cereus NCTC 8035 grown in liquid, shaken, CCY medium.
At various stages of growth and sporulation, whole cells and the soluble and insoluble fractions from disintegrated cells were hydrolysed with 6N-HCI for 16 hr. at 1060 in sealed tubes. The amino acid content of these hydrolysates was determined by the paper-chromatographic method of Consden, Gordon & Martin (1944) with collidine and phenol as solvents. In these experiments, the distribution of DAP in the cell became of special interest. To separate, and assess roughly the amount of DAP present, hydrolysates containing 3-6 mg. of cell material were streaked on to Whatman no. 31 acid-washed paper, and run with collidinelutidine-water for 48 hr. Papers spotted with synthetic DAP were run in parallel. The papers were dried for several hr. at room temperature, heated at 1000 for 30 min., then examined in ultraviolet light. Fluorescent bands in corresponding positions to those taken up by the synthetic DAP were marked and cut out. These strips were macerated in water in small sintered-glass filters (porosity 5/3) and the filtrate and washings dried. The dried eluates were redissolved in a small volume of water, so that 20 1A. of solution contained the equivalent of 500 ug. of cell material present in the original hydrolysate. The eluates were applied to Whatman no. 1 paper in suitable amounts, usually 20ui. quantities, and run for 18 hr. in the solvent system: pyridine-methanol-conc. by vol.) (Rhuland, Work, Denman & Hoare, 1955) . The papers were then air-dried and dipped into ninhydrin solution (0.1%, w/v, in acetone). The DAP was readily detected by its characteristic olive-green colour changing gradually to bright yellow. A rough estimate of the amount present was made by comparison with standard quantities of DAP between 5 and 20 ug. Under the above conditions, synthetic DAP prepared by the method of Sorenson & Andersen (1908) gave a main spot (meO+ DD) and a more rapidly moving weaker spot (Lr) (Rhuland et al. 1955) . A sample of naturally occurring meso DAP isolated from Corynebacterium diphtheriae was kindly provided by Dr E. Work.
The hexosamine present in cell hydrolysates was determined by the method of Elson & Morgan (1933) with the modification of Immers & Vasseur (1950 (Powell & Hunter, 1956 Changes in the medium during growth and sporulation of the laboratory strain of B. cereus The starting medium contained (w/v) 0-18 % carbohydrate mainly as starch, and 0-037 % nitrogen ofwhich approximately 40 % was ammonia nitrogen. All the common amino acids were present both free and in combination. Growth factors and purine-and pyrimidine-containing compounds were doubtless also present, but were not assessed.
In three cultures of B. cereus showing the first stages of sporulation, the carbohydrate had fallen to medium had increased, as a result of the shedding and lysis of the sporangia. During sporulation, the oxygen consumption ofthe culture dropped steadily from 6-8 ,l./ml./min. at 12 hr. (pH 6.8) to 1-6 at 20 hr. (pH 7 6). At 30 hr. no oxygen uptake could be detected. A typical set of analyses is illustrated in Fig. 1 .
It appeared that in cultures of B. cereus, keto acids accumulated in the medium prior to the onset of sporulation. The 2:4-dinitrophenylhydrazine derivatives were isolated from the medium at various stages of growth and sporulation. In this culture, sporulation began at 14 hr. and was complete at 18-5 hr. The separation between the oxaloacetic and 2-oxoglutaric acid derivatives on paper chromatograms was poor under the conditions of this experiment (30 hr. in butanol-ethanol-ainmonia). The derivatives were eluted and their absorption spectra compared. The spectra of the derivatives prepared from the medium showed absorption maxima characteristic of both the 2-oxoglutaric and oxaloacetic acid derivatives. The medium itself before inoculation gave dinitrophenylhydrazones occupying corresponding positions on the chromatogram to those taken up by the 2-oxoglutaric and oxaloacetic acid derivatives. We feel unable to give reliable quantitative results from this and similar experiments, apart from a rough assessment of the keto acid concentration as of the order of 10-4M.
A laboratory strain of B. 8ubtili8 was grown in the chemically defined glucose-ammonium lactate medium devised by Hart & Hills (1947) , in which sporulation began after approximately 20 hr. growth. This medium before inoculation gave a completely blank reaction with 2:4-dinitrophenylhydrazine. At 16 hr. there was a very marked synthesis of keto acid to a concentration of approximately 10-4M and, in this case, the absorption spectrum of the eluted 2:4-dinitrophenylhydrazone closely resembled that of 2-oxoglutaric acid.
Accumulation of dipicolinic acid and calcium by 8porulating cell8 of B. cereus and B. subtilis
The absorption spectra of cell extracts made at various stages of growth and sporulation of the laboratory B. cereus are shown in Fig. 2 . Very similar spectra were obtained with extracts from B. cereus NCTC 8035 and a laboratory strain of B. 8ubtili8, although, since sporulation and lysis ofthe sporangia was less complete in these cultures (see below), the dipicolinate spectrum was not so well developed. Values for the calcium and iron content of sporulating cultures of the three organisms are shown in Table 1 . The intake of calcium by sporulating cells closely followed the synthesis of dipicolinic acid. From Table 1 Oxygen uptake ( x ) There appeared to be no appreciable variation in the amount of DAP present in these hydrolysates. When, however, a comparison was made between the amino acid compositions of the soluble and insoluble fractions of the cell, a very striking change in distribution of DAP and also of hexosamine between these fractions appeared to occur during sporulation. Thus in vegetative cultures, DAP and hexosamine were associated with the insoluble fraction, whereas, in disintegrated sporulating cultures and spore suspensions, these compounds were present in the soluble extract. By using the method of separation described above (Methods) roughly quantitative determinations of the DAP content of the soluble and insoluble cell fractions were made, at various stages of growth and sporulation. The hexosamine content of these hydrolysates was also measured. The results of two such experiments are given in Vol. 63
as sporulation proceeded. The extracts from 6 and 12 hr. cultures contained very little hexosamine and did not attack the insoluble substrate. Negative values for hexosamine liberation were in fact obtained with these two extracts due, we suggest, to the inaccuracy of analyses at low hexosamine concentrations. The activity of the extract from the sporulating 16 hr. culture was very marked, and this activity increased as sporulation proceeded to completion.
Extracts from spores and sporulating cells of B. cereus had some lytic activity on intact vegetative cells of B. cereus and B. subtilis. The medium in which sporulation of B. cereus had occurred showed no appreciable lytic activity, and split off only insignificant amounts of soluble hexosamine-containing material from the insoluble fraction of vegetative cells. It seems, therefore, that the spore enzyme which we have studied differs from the extracellular lytic enzyme produced by sporulating cells of B. terminalis (Greenberg & Halvorson, 1955) .
The hexosamine-liberating activity of extracts from resting and germinated spores of B. cereus was next compared. Germinated spores were obtained by incubating resting spore suspensions containing about 2 x 109 spores/ml. for 30 min. with 2 mm inosine in 40 mm sodium potassium phosphate buffer, pH 7-3 (Powell & Hunter, 1955) . The suspension was then centrifuged and the germinated spores were resuspended in water to give 10 mg. dry wt./ml. Extracts from resting and germinated spore suspensions containing 10 mg. dry wt. of spores/ml. were found to have approximately the same hexosamine-liberating activity, tested on the insoluble fraction of 10 hr. vegetative cells of B. cereus. In these tests, hexosamine determinations were made at 3, 4 and 20 hr. Heating at 600 for 1 hr. did not markedly reduce the activity of extracts from resting or germinated spores.
Metabolism of DAP by 8porulating cells
We could detect no increased ammonia production or oxygen uptake when intact cells of B. cereus at various stages of growth and sporulation were incubated for 1 hr. at 370 with DAP (synthetic). In these experiments, the reaction mixture contained 10 mg. dry wt. of cells/ml. in 40 mm sodium potassium phosphate, pH 7-3, and 12 mm DAP. Under the same conditions, disintegrated cells and spores of B. cereus did not apparently deaminate or oxidize DAP. The addition of catalase (100,ug./ml.) and MnSO4 (10-4M) to the system had no stimulating effect, although these substances were recently shown to stimulate the oxidative deamination and ring closure of lysine and of certain diamines by plant extracts (Mann & Smithies, 1955) .
In another series of experiments, sporulating cells (5 mg. dry wt./ml.) were suspended in a neutralized solution of 20 mm DAP and 20 mMCaCl2, and disintegrated. The homogenate was shaken at 370 for 2 hr., centrifuged, and protein precipitated from the supernatant with 2-5 % (w/v) HC104. The ultraviolet-absorption spectrum of the deproteinized extract was then measured and compared with that from a cell homogenate control similarly treated, but with no DAP addition. The absorption spectrum of the extract containing DAP was consistently slightly greater than that of the control, but showed no evidence of increased dipicolinate synthesis. In similar experiments, the sporulating cells were disintegrated in their own culture medium to which 20 mm DAP and 20 mMCaCl2 were added. Here again, no evidence of dipicolinate synthesis was apparent: the absorption spectrum of the extract after 2 hr. incubation with DAP was practically identical with that from a control suspension to which no DAP was added. Calculations made on the basis that (a) the synthetic DAP contained very approximately 25 % of Table 3 . Hexosamine-liberating activity of extracts from B. cereus cells at various stages of growth and sporulation, tested on the insoluble fraction of cells from a 12 hr. culture Extracts (1 ml. containing 10 mg. dry wt./ml.) were incubated for 48 hr. at 37°with 3 mg. of insoluble residue prepared 
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In a series of tests with B. &ubtili (1.2 mg. dry wt./ml.) from a 36 hr. Cl the first stages of sporulation were sha 18 hr. with 3 mm DAP and 10 mM-Ca sodium potassium phosphate, pH 7-3 ance of stained films indicated that sp not noticeably advanced either in th absence of DAP and CaCl2, and th appeared swollen, weakly staining, an of lysis. The suspensions were disinteg ultraviolet-absorption spectra of the measured. No evidence of increasec synthesis was apparent. Negative res obtained with intact freeze-dried cE disintegrated cells of B. subtilis. The s 1 mM meso DAP for 3 mm synthetic tests with B. subtili8 also gave negatih Adenosine deamina8e and ribo activity of B. cereus cells We recently found (Powell & Hunt disintegrated resting spores of B. ceri active adenosine deaminase and ribosi It therefore seemed of interest to assee of freeze-dried disintegrated cells of various stages ofgrowth and sporulatic of these measurements, given in Tab that both the adenosine deaminase a activity of cell homogenates in( markedly at sporulation. As previous resting-spore suspensions (Powell & I the deaminase activity appeared iI fraction of the disintegrated cell, ribosidase was associated with the inso Cantino (1951) that in a species of Blastocladiella the formation of 8, intact cells resistant sporangia was stimulated by bicarbonate CY culture in and oxoglutarate, the accumulation of 2-oxoglutken at 370 for tarate in cultures of B. cereus and B. subtili8 before aCl2 in 25 mM the onset of sporulation, may, however, be of some ,. The appear-significance. In this connexion, we recently showed orulation had that both bicarbonate and 2-oxoglutarate stimuLe presence or lated sporulation in a feebly sporing strain of B. Lat most cells sphaericus (Powell & Hunter, 1955) . d on the verge
The synthesis of dipicolinic acid appears inrrated and the variably to accompany sporulation in Bacilus and in clear extracts Clostridia species. We have observed the character-I dipicolinate istic ultraviolet-absorption spectrum of calcium ;ults were also dipicolinate in extracts from spores of B. subtilis, B. ells and with megatheriumn (Powell & Strange, 1953) that, in the developing spore, an enzyme system is built up capable of releasing soluble material containing DAP and hexosamine from the insoluble fraction of the disintegrated cell. In vegetative cells, this material may be more tightly bound to the insoluble fraction than is the case with sporulating cells. It seems likely that this material will prove to be similar in composition to the spore peptide previously isolated from resting-spore extracts, and germination exudates (Strange & Powell, 1954) . Strange & Dark (1956) have suggested that the peptide is released from an insoluble complex either by depolymerization or detachment from some other constituent of the spore coat, and that this process may be preceded by the activation of an enzyme system resembling lysozyme. The present study provides support for these suggestions. Further work on the isolation of the spore enzyme and the products of its activity is now in progress. SUMMARY 1. Some changes in the composition of a complex medium during growth and sporulation of Bacillus cereu8 are described.
2. The marked increase in calcium content of B. cereu8 and B. 8ubtili8 cells during sporulation closely follows dipicolinic acid synthesis by these cells. Dipicolinic acid chelates strongly with calcium and with copper, nickel, iron and manganese, but only weakly with magnesium.
3. Attempts to implicate oce-diaminopimelic acid (DAP) as the direct precursor of dipicolinic acid are described.
4. In non-sporulating vegetative cells of B. cereus, DAP and hexosamine are associated with the insoluble cell debris, whereas in sporulating cells and in spores, these compounds appear in the soluble fraction.
5. This apparent change in DAP distribution during sporulation is associated with the activity of an enzyme which liberates soluble material containing DAP and hexosamine from the insoluble fraction of the vegetative cell.
6. The adenosine deaminase and ribosidase activity of cell homogenates increases during sporulation.
